Comparative reproductive biology in nematodes by Moreira-Pinto, Beatriz & Pires da Silva, André
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I. Introduction 23 
Overview about reproductive biology of nematodes (768 words).  24 
 25 
II. Evolution of modes of reproduction 26 
Nematodes reproduce by self-fertilization, crosses between males and females, crosses 27 
between hermaphrodites and males or parthenogenesis (426 words). 28 
 29 
III. Evolution of sex determination systems 30 
Most nematodes have chromosomal sex determination, mostly being XX:XY or XX:XO 31 
(751 words). 32 
 33 
IV. Evolution of different types of gametes 34 
Some nematodes species have males that produce different types of sperm (386 35 
words).  36 
 37 
V. How sexes find each other  38 
Nematodes communicate through small secreted chemicals to find each other to mate 39 
(419 words). 40 
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Abstract 46 
Hermaphroditism evolved several times independently in nematodes, probably as 47 
adaptation to colonize new habitats by a single individual. The evolution of 48 
hermaphroditism gave rise to other modes of reproduction in addition to dioecy 49 
(male/female), such as androdioecy (male/hermaphrodite) and trioecy 50 
(male/female/hermaphrodite). Nematode hermaphrodites may reproduce either by self-51 
fertilization or by crossing with males. When hermaphrodites cross with males, the male 52 
sperm are able to outcompete the sperm of hermaphrodites. The genetic basis for 53 
evolutionary transitions between dioecy and other kinds of reproduction were until 54 
recently unknown. Here we summarize some of the recent comparative studies in 55 
nematodes, highlighting the diversity of mechanisms of reproduction.  56 
 57 
 58 
I. Introduction 59 
 60 
 61 
Nematoda is one of the most diverse taxa, with nearly 26,000 described species. 62 
Nematodes live in almost any kind of environment, being on rotting organic matter, hot 63 
springs, desert, ocean, inside of animals (including humans) and plants, and even in 64 
deep mines 3 km down in the Earth. Free-living species feed mostly on bacteria, but 65 
also on fungi, algae and other nematodes. Their size vary from 100 µm to 14 meters, 66 
and their reproductive output ranges from just a few eggs to up to two million eggs a 67 
day per individual. Some small (~1 mm long)  nematodes, such as Caenorhabditis 68 
elegans, are very prolific because in addition of producing many progeny per individual 69 
by self- and cross-fertilization (up to 685 eggs in their lifetimes), they also have a short 70 
life cycle (3 days from egg to adult at 25 °C). Thus, a single individual has the potential 71 
to give rise to many million descendants within a few weeks. 72 
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Most nematodes are sexually dimorphic, with sexes that differ in relative size, shape of 74 
the gonad, shape of the tail and presence/absence of a vulva (Fig. 1). Sexual 75 
dimorphism can be sometimes extreme, such as males of Trichosomoides crassicauda, 76 
which live inside the female uterus. Males use mechano- and chemosensory organs 77 
located in the head and tail to track the opposite sex and inseminate it by internal 78 
fertilization. Some nematode species might even have three sexual forms, the third 79 
being a self-fertilizing hermaphrodite. Heterorhabditis bacteriophora and Rhabditis sp. 80 
SB347, which have three sexual forms, reproduce by self-fertilization, crosses between 81 
hermaphrodites, as well as by crosses between males and females.  82 
 83 
The great diversity in the various aspects of nematode reproduction provides a great 84 
challenge to summarize in a short chapter. At the end of this chapter we provide 85 
references with some of the classical literature about detailed overview of nematode 86 
reproduction. Here we focus on some recent studies in comparative biology of 87 
reproduction in nematodes. The phylogenetic relationships of nematodes covered in this 88 
chapter are depicted in Fig. 2.  89 
 90 
 91 
II. Evolution of modes of reproduction 92 
 93 
Nematodes have various types of modes of reproduction (Table 1). Dioecy is the most 94 
common, followed by parthenogenesis, androdioecy and trioecy. In some nematodes, 95 
reproductive modes can alternate between generations, so that a uniparental 96 
generation (hermaphrodite or parthenogenetic female) never meets the males of the 97 
biparental generation. In Rhabdias, for example, the parasitic generation is a 98 
hermaphrodite that lives inside the lung of amphibians and reptiles. The progeny of 99 
Rhabdias hermaphrodites develop into adults outside the host, becoming the 100 
male/female (dioecious) generation. Similarly, the mammal parasite Strongyloides 101 
facultatively alternates between a parasitic parthenogenetic generation and a free-living 102 
dioecious generation. Thus, in some species  the three sexual morphs do not occur 103 
simultaneously in the same location. In trioecious species like H. bacteriophora and 104 
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Rhabditis sp. SB347, however, hermaphrodites, females and males do occur at the 105 
simultaneously. Thus, males of those trioecious populations can facultatively cross with 106 
females or hermaphrodites.  107 
 108 
The transition between reproductive modes has occurred multiple times during 109 
nematode evolution, across the nematode phylogenetic tree (Fig. 2). In the genus 110 
Caenorhabditis, the androdioecious species C. elegans, C. briggsae and C. tropicalis 111 
independently evolved the ability to self-fertilize from ancestral species that were 112 
dioecious (Fig. 2). The convergence in phenotype was achieved by distinct molecular 113 
mechanisms. The same direction of change, from dioecy to androdioecy, is also 114 
observed in Pristionchus, but it can also occur in the reverse direction. Oscheius 115 
dolichuroides, for example, is a dioecious species derived from an androdioecious 116 
ancestor (Fig. 2).  117 
 118 
In principle, a single mutation that turns the sperm inviable in hermaphrodite, or that 119 
abolish the production of sperm in hermaphrodites, is sufficient for the evolution of 120 
dioecy from androdioecy.  In contrast, in the evolution androdioecy from dioecy, at least 121 
two mutations have to occur: (1) a mutation that briefly masculinizes the germline of the 122 
female for the production of sperm; (2) a mutation that activates the sperm in the 123 
female. Thus, the occurrence of these mutations in a population gives rise to the 124 
intermediate trioecious mating system. Trioecy is extremely rare in nematodes, and is 125 
known only in some undescribed free-living nematodes and in the insect parasite H. 126 
bacteriophora.  127 
 128 
The evolution of self-fertilization facilitated the colonization of new environments by 129 
single individuals. Interestingly, H. bacteriophora and Rhabditis sp. SB347 130 
independently evolved the coupling of dauer larva formation to the development of adult 131 
hermaphrodites. Dauer is a facultative larval stage that resists to lack of food, 132 
detrimental environmental conditions, and has a series of adaptations for migration. By 133 
coupling dauer with hermaphroditism, these nematodes species further potentiated the 134 
ability to colonize new habitats.  135 
  5 
 136 
 137 
III. Evolution of sex determination systems 138 
 139 
Sex determination is one of the fastest evolving developmental systems. This is 140 
reflected in the diversity of sex determining systems in the animal kingdom, which can 141 
be mediated by chromosomal and environmental factors. Predictions of sex 142 
determination in nematodes have been drawn from cytological studies, which indicate 143 
that most species perform chromosomal sex determination. However, the diminutive 144 
size of nematode chromosomes in many cases makes the karyotypic interpretation 145 
difficult, resulting in conflicting reports.  146 
 147 
The most common type of chromosomal sex determination system in nematodes is in 148 
which the heterogametic sex is the male. In this case, sex chromosomes are denoted X 149 
and Y (e.g., in Brugia malayi). Thus, females are XX and males are XY. Several 150 
nematodes do not have a second sex chromosome, and in this case the sex 151 
determination system is denoted XX:XO.  Heterogametic males, as the name implies, 152 
produce gametes with two kinds of gametes: XY males, produce equal proportions of 153 
sperm with an X chromosome and sperm with Y chromosome; XO males produce equal 154 
proportions of sperm with an X chromosome and the other half harboring only 155 
autosomes. The XX:XO system is thought to be derived from the XX:XY system, 156 
whereby the Y chromosome was lost during evolution.  157 
 158 
In other groups of animals with a XX:XY system, sex is determined by either a dominant 159 
male-determining factor, or by the ratio of X chromosomes relative to autosomes (in this 160 
case, the Y chromosome has no role in sex determination). Unfortunately, the 161 
mechanisms that trigger the sex determination in nematodes with a XX:XY system are 162 
not known, probably because most of those species are parasitic and thus difficult to 163 
manipulate genetically.   164 
 165 
The best characterized sex determination system is in C. elegans, which relies on an 166 
XX:XO system. The balance of X chromosomes to autosomes (X:A) determines sex in 167 
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this nematode, with the X causing a feminizing effect and autosomes a masculinizing 168 
effect. Thus, C. elegans with two sets of autosomes and two of sex chromosomes 169 
(2A:2X) are hermaphrodites and 2A:1X animals are males. The XX:XO system is also 170 
present in other Caenorhabditis species (e.g., C. remanei and C. briggsae). Genes in 171 
the X chromosomes and autosomes act in a dose-dependent manner to regulate the 172 
transcription of the masculinizing gene xol-1 (XO lethal). The transcription of xol-1, 173 
which codes for a kinase, leads to a series of signal-transduction events that ultimately 174 
represses the transcription factor tra-1 (transformer-1). In XX animals, tra-1 promotes 175 
female development mainly by repressing expression of male-specific genes. Despite 176 
the rapid evolution of genes involved in sex determination, their function seems to be at 177 
large extent conserved in the soma. 178 
 179 
The evolution of hermaphroditism, which independently occurred three times in 180 
Caenorhabditis, required modifications of the sex determination in the germline of XX 181 
animals. In these animals, there is a transient masculinization of the germline for the 182 
production of sperm, followed by the production of oocytes. The evolution of this trait in 183 
C. elegans and C. briggsae involved the recruitment of different sets of genes, 184 
independent recruitment of the same genes, and also the modification of the function of 185 
sex-determining genes.  186 
 187 
Although C. elegans and C. briggsae hermaphrodites are XX and thus expected to 188 
produce only XX self-progeny, they may produce XO males in some rare (~0.1%) 189 
instances. This occurs because of X chromosome non-disjunction, in which abnormal 190 
chromosome pairing and synapsis during meiosis generates gametes containing only 191 
autosomes (nullo-gametes). Thus, a nullo-sperm, when fertilizing an X-bearing oocyte, 192 
generates a male. In other nematodes with XX:XO system, XX animals may generate 193 
male self-progeny by different mechanisms. In the Rhabdias genus, for example, XX 194 
hermaphrodites produce equal proportions of XX female and XO self-progeny. This 195 
occurs by a modification of the meiosis during hermaphrodite spermatogenesis, in 196 
which half of the gametes removes the X chromosome of the meiotic cell. In 197 
Strongyloides papillosus, the parthenogenetic XX female generates male progeny by a 198 
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process called chromosome diminution. Interestingly, in this nematode the ancestral X 199 
chromosome became incorporated into an autosome. During meiosis of oocytes 200 
destined to become males, the region corresponding to the ancestral X is eliminated in 201 
one of the chromosomes, thus generating an XO animal.   202 
 203 
Male heterogamy is the most common sex determination system in nematodes, and no 204 
examples for female heterogamy (ZZ/ZW system) are known. In haplo-diploids, which 205 
are known to occur only in oxyurid nematodes, unfertilized eggs develop into males and 206 
diploid fertilized eggs develop into females. In species with environmental sex 207 
determination, crowding, immune status of the host, and temperature are factors that 208 
regulate sex determination.  209 
 210 
IV. Evolution of different types of gametes 211 
 212 
The mitotic germline usually is located in the terminal part of the testis, followed by cells 213 
at more advanced meiotic stages as they become closer to the proximal part of the 214 
gonad. The generation of a male gamete involves the meiotic division of a primary 215 
spermatocyte to generate two secondary spermatocytes, which divide to form four 216 
secondary spermatids (Fig. 3). Those spermatids undergo differentiation by shedding 217 
unnecessary contents for sperm function (e.g., microtubules, actin, endoplasmic 218 
reticulum, translation machinery). The activation of spermatids, which refers to the 219 
conversion of the spherical, quiescent  spermatids into the mobile, mobile spermatozoa, 220 
is triggered by extracellular signals. Sperm activation results in ameboid-like cells, which 221 
form pseudopodia by the assembly and disassembly of a nematode-specific protein 222 
named Major Sperm Protein (MSP). Thus, contrary to sperm of insect and mammals, 223 
nematode sperm lack cilia or flagella.  224 
 225 
Comparative studies on the evolution of sperm have been performed in the 226 
Caenorhabditis genus, in which sperm size ranges from 3 to 281 μm2. Interestingly, the 227 
size of the sperm correlates with their competitive advantage. In androdioecious 228 
species, in which both sexes produce sperm, the male sperm is usually larger and 229 
outcompetes the hermaphrodite sperm. However, size alone is probably not the only 230 
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cause for the difference in competitiveness. It is still unclear whether this competitive 231 
edge of the larger sperm is due to their greater speed due to the larger pseudopod, 232 
greater adhesion to the wall of the hermaphrodite uterus, or greater capacity to dislodge 233 
the smaller hermaphrodite sperm.  234 
 235 
Some species of nematodes produce more than one kind of sperm. Sperm with size 236 
dimorphism, for instance, have evolved independently in a few nematode lineages. In 237 
Steinernema tami, miniature sperm aggregate around giant sperm, which serve as 238 
transportation device in the female uterus. Males of Rhabditis sp. SB347 also produce 239 
two kinds of sperm, a functional X-bearing sperm and a non-functional nullo-X sperm. 240 
Thus, those XO males generate practically only XX progeny when crossing with the 241 
opposite sex. The production of two kinds of sperm in Rhabditis sp. SB347 is caused by 242 
a modification of meiosis and the differentiation of the spermatids. In the final 243 
spermatocyte division, the mitochondria and other cytoplasmic components necessary 244 
for sperm function (e.g., MSP) co-segregate with the X chromosome. Thus, 245 
unnecessary cytoplasmic components segregate to the nullo-X spermatid, generating a 246 
non-functional gamete.  247 
 248 
V. How sexes find each other 249 
Nematodes have mechanosensory and chemosensory organs that allow them to find 250 
the opposite sex in order to reproduce. Males and females of the free living 251 
Panagrolaimus rigidus, for example, when separated by a cellophane barrier, move 252 
towards individuals of the opposite sex but not to the ones of the same sex. These 253 
experiments suggest the release of sex-specific attractants, the sex pheromones. Some 254 
of these pheromones are small molecules containing a dideoxysugar connected to a 255 
fatty acid chain. The name of these pheromones, known as ascarosides, derives from 256 
Ascaris lumbricoides, a nematode in which these chemicals were first characterized. 257 
The biological activities of ascarosides are determined by the length of the chain of side 258 
carbons, modifications of the dideoxysugar sugar, and the blend of the different 259 
ascarosides. Some of these blends elicit different behaviors, such as inducing dauer 260 
formation in early larvae.  261 
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In Panagrellus redivivus, both males and females produce mutually-attracting 263 
ascarosides. In the trioecious species Rhabditis sp. SB347, with a mating system 264 
thought to be intermediate between dioecy and androdioecy, females attract males 265 
more efficiently than hermaphrodites. The same pattern is observed In androdioecious 266 
species as C. elegans and C. briggsae, in which hermaphrodites are weaker in 267 
attracting males when compared to females of sister dioecious species (e.g., C. 268 
remanei). Interestingly, C. remanei males immobilize females by the secretion of 269 
paralyzing chemicals in the seminal fluid, facilitating copulation. Males of C. remanei  or 270 
C. elegans cannot paralyze C. elegans hermaphrodites, indicating that hermaphrodites 271 
are refractory to the these male chemicals and can escape from mating. These results 272 
suggest that hermaphrodites have evolved adaptations to avoid mating with males.  273 
 274 
In C. elegans, all neurons have been mapped. Males and hermaphrodites share many 275 
of the head sensory neurons, but only males display mate searching behavior. Since C. 276 
elegans males and hermaphrodites share some of the same neurons, how is the sex-277 
specific behavior triggered? The searching behavior is mediated by the expression of 278 
the neuropeptide PDF-1 in males, which is heightened when they are well-fed. 279 
Overexpression of PDF-1 in hermaphrodites, however, does not elicit a mate searching 280 
behavior in them, indicating that this neuropeptide acts through a sexually dimorphic 281 
circuit despite sharing the same neurons.  282 
 283 
The male-attracting behavior is mediated by male-specific CEM neurons, as well as the 284 
core sensory olfactory neurons AWA, AWC and ASK. It is still not clear how many or 285 
which receptors are involved in the male attracting behavior, but a few such as as the 286 
TRPV (transient receptor potential vanilloid) channel are starting to be discovered.  287 
 288 
 289 
 290 
 291 
 292 
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Figures 339 
 340 
 341 
 342 
 343 
Fig. 1. Differences between sexual morphs in free-living nematodes. The hermaphrodite 344 
and female have two gonad arms, while the male gonad is composed of a single testis 345 
that runs the length of the nematode. The hermaphrodite produces and stores sperm for 346 
self-fertilization. The male tail is short and blunt and has mechanosensory and 347 
chemosensory neurons, while the female/hermaphrodite has a thin and long tail. 348 
 349 
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 350 
Fig. 2 Phylogenetic relationships and sexual morphs of nematodes covered in this 351 
chapter.The nematode phylogeny has five major clades, four of each are depicted here.  352 
 353 
 354 
 355 
 356 
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Fig. 3. Spermatogenesis. (A) The division of primary spermatocyte in meiosis I gives 358 
rise two secondary spermatocytes. After the division of secondary spermatocytes into 359 
four cells in meiosis II, unnecessary cytoplasmic components are discarded into a 360 
vesicle (grey circle). (B) After the activation  of the spermatid, MSP (purple) polymerizes 361 
to form the pseudopods.  362 
 363 
 364 
 365 
 366 
  367 
 368 
 369 
 370 
 371 
 372 
 373 
 374 
Fig. 4. Sperm competition in hermaphrodites. The larger male sperm (yellow) 375 
outcompetes the smaller hermaphrodite sperm (blue) to fertilized the oocyte. The color 376 
of the egg corresponds to the product of fertilization between a self and male sperm.  377 
 378 
 379 
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 380 
Table 1. Types of reproductive mode.   381 
 382 
Type Definition 
Dioecious Sexual reproduction between males and females. In the 
nematode literature, is sometimes referred as 
‘gonochorism’.  
Androdioecious Sexual reproduction by self-fertilization of hermaphrodites, 
or by crossing between hermaphrodites and males.   
Trioecious Sexual reproduction by self-fertilization, or between males 
and females, or between males and hermaphrodites.   
Parthenogenetic Asexual reproduction only by females. Sometimes males 
are present, but do not contribute with genetic material to 
the next generation.  
 383 
